post-diagnosis. Fourteen patients are alive with no evidence of disease. Kaplan-Meier estimates of the 4-year overall survival and failure-free survival are 92% (95% confidence interval [CI], 57-99%) and 81% (95% CI 53-94%), respectively. Excellent disease control was observed in these patients with no initial relapses outside of these RT fields. The results of ACNS1123 may better delineate patterns of failure and identify subgroups likely to benefit from this approach.
Introduction
Primary intracranial germ cell tumors (GCTs) are rare and heterogeneous neoplasms most commonly arising from the regions of the pineal gland and/or the suprasellar cistern [1] . While pure germinomas are highly radiosensitive and have been shown to have survival rates exceeding 90% when treated with RT alone [2, 3] , nongerminoma germ cell tumors (NGGCTs) treated with RT alone have lower 5-year survival rates of 20-50% [4] [5] [6] [7] [8] . In light of the relative radioresistance of NGGCT, management generally consists of multimodality treatment with chemotherapy, second-look surgery (SLS) in cases of incomplete response to induction chemotherapy, and RT. The current standard of care for M0 NGGCT is craniospinal irradiation (CSI) to 30-36 Gy with a primary site boost to 54-60 Gy. However, late toxicities of CSI in pediatric patients are a major concern, such as neurocognitive, growth, auditory, and endocrine effects, as well as risk of stroke and secondary neoplasms [9] .
Abstract
Craniospinal irradiation is standard radiotherapy (RT) for localized intracranial nongerminoma germ cell tumors (NGGCT). Given its toxicity, there is interest in using smaller fields. We examined outcomes of NGGCT patients receiving reduced-volume RT at a single institution. Records of 16 patients who received reduced-volume RT as part of definitive treatment between 1996 and 2016 were reviewed. Median age at presentation was 10.8 years (range 4.6-41.0 years). Ten patients had pineal tumors and 6 had suprasellar tumors. All received chemotherapy and 9 patients received second-look surgery thereafter. RT volume was tumor-only to a median of 54 Gy (range 50.4-54 Gy) in 3 patients and whole-ventricle irradiation to a median of 30.6 Gy (range 30.6-36 Gy) with a boost to 54 Gy in 13 patients. Median follow-up was 4.1 years (range 1.9-19.3 years). Three patients recurred locally at a median 9.9 months (range 9.6-10.6 months) after diagnosis, and one of these developed leptomeningeal relapse after 30 months. One patient expired from disease 2.6 years post-diagnosis and another due to stroke 19.3 years Though RT is an essential component in the management of NGGCT, the optimal volume is unclear [10] . Limited trials have reported encouraging preliminary results with chemotherapy followed by whole ventricular irradiation (WVI) or local field irradiation for NGGCT, as is used in the treatment of germinoma [11] . The Children's Oncology Group (COG) trials examining outcomes of patients receiving limited radiation fields are ongoing but results have not yet been published. Therefore, we report our institutional experience with reduced-volume RT in patients with intracranial M0 NGGCT.
Methods and materials

Patient population
This is a single-institution cohort of patients treated with RT to tumor only or to ventricles after being diagnosed with localized primary intracranial NGGCTs between 1994 and 2016. After approval by our internal Institutional Review Board, we identified 16 consecutive patients who were treated with limited RT fields as part of their definitive treatment. All patients in the study time period with unequivocal radiographic (MRI brain and spine) and cytological absence of neuraxial dissemination on lumbar puncture were treated with reduced-volume RT. Patients were excluded from consideration for reduced-volume RT in cases of uncertain tumor extension or spread on MRI, tumor in locations other than suprasellar or pineal regions, or mature teratoma with normal tumor markers. Patients were also excluded if CSF cytology was not obtained before treatment or if ventricular fluid rather than lumbar puncture was used for cytologic examination. RT field was selected independent of chemotherapy regimen.
The basic characteristics of the 16 patients are shown in Table 1 . On presentation, the median age was 10.8 years (range 4.6-41.0 years) with 15 of these ≤20 years of age. Eleven patients were male and 5 were female. Ten patients had pineal tumors and 6 had suprasellar tumors; no patients with presented with multiple tumor foci. All 16 patients had negative spine MRI on presentation and lumbar puncture with negative cytology. At diagnosis, patients had serum and CSF serum β-human chorionic gonadotropin (β-hCG) and α-fetoprotein (AFP) levels measured. Six patients had biopsy without resection prior to initiation of any therapy: 1 with mixed components, 1 choriocarcinoma, 2 mature teratoma, 1 immature teratoma, and 1 germinoma. Both patients found to have mature teratoma on biopsy had elevated tumor markers consistent with NGGCT. The patient diagnosed with germinoma on biopsy demonstrated an elevated, rising AFP level and thus was deemed to have NGGCT. The remaining patients were diagnosed based on radiographic findings and elevated tumor markers.
Disease management
Two patients were treated as per, but not enrolled on, a modified schedule of institutional protocol MSKCC 94-125 [12] , consisting of 2 cycles of regimen A (cisplatin, etoposide, cyclophosphamide, and bleomycin), 2 cycles of regimen B (carboplatin, etoposide, and bleomycin), followed by 1 additional cycle of regimens A and B in cases of complete remission (CR) or by second-look surgery (SLS) ± WVI to 54 Gy in cases of residual disease. One of these patients achieved CR after chemotherapy alone but developed progression 5 months later in the same location as the primary tumor and was treated with 2 cycles of high-dose thiotepa, stem-cell rescue, and tumor-only RT to 50.4 Gy. Nine patients were treated as per, but not enrolled on, COG protocol ACNS0122 [13] and received 6 cycles of induction chemotherapy. Of these, 3 patients achieved complete response (CR) and then received reduced-volume RT, instead of CSI per protocol, and 6 patients demonstrated residual radiological abnormalities and were treated with SLS and reduced-volume RT, instead of CSI per protocol. Of the 9 patients treated as per ACNS0122, 2 patients received tumor-only RT to 50.4 Gy and 7 patients received WVI to 30.6-36 Gy with a boost to 54 Gy. Five patients were treated as per the NGGCT arm of COG protocol ACNS1123 [14] , consisting of 6 cycles of induction chemotherapy ± SLS followed by WVI to 30.6 Gy with a boost to 54 Gy. Four patients received four cycles of chemotherapy and 12 patients received six cycles. Of 10 patients receiving surgery as part of definitive treatment, 1 had subtotal resection before initiation of chemotherapy, 3 patients had surgery after initiation but before completion of chemotherapy regimen, 6 had surgery after completion of chemotherapy. One patient had surgery upon developing local progression 5 months after achieving CR to chemotherapy and thereafter received tumor-only RT.
All patients had normalized serum β-hCG and AFP levels prior to the start of RT. Of the 16 total patients, 3 patients were treated with 3D conformal radiotherapy (3D-CRT), 9 with dose painting intensity modulated radiotherapy (DP-IMRT), and 4 with proton beam therapy (PBT).
Statistical analysis
Statistical analysis was performed with Stata Version 13.0 (StataCorp, College Station, TX, USA). Failure-free survival (FFS) was calculated from the time of diagnosis of NGGCT to first relapse at any site. The Kaplan-Meier method was used to assess FFS and overall survival (OS).
Results
Detailed patient-level information is displayed in Table 2 . Median follow-up duration was 4.1 years (range 1.9-19.3 years). Tumor size information was available for 13 patients (81%); the median largest dimension was 3.2 cm (range 1.2-5.7 cm). All 16 patients had one or more elevated serum or CSF tumor markers. In patients with elevated markers, median serum β-hCG was 806 IU/L (range 78-3193 IU/L), median serum AFP was 125 IU/L (range 11-26346 IU/L), median CSF β-hCG was 636 IU/L (range 61-2477 IU/L), and median AFP was 29 IU/L (range 21-1305 IU/L). Histopathologic analysis information is available for 10 patients receiving surgery as part of definitive treatment: 7 mature teratoma, 2 immature teratoma, and 1 with components of yolk sac tumor and immature teratoma.
For 3 patients receiving tumor-only RT, the median dose was 54 Gy (range 50.4-54 Gy). For 13 patients receiving WVI + boost, the median whole ventricle dose was 30.6 Gy (range 30.6-36) and all received a boost to the primary tumor to 54 Gy.
A total of 3 patients developed recurrences at the site of the primary tumor at a median of 9.9 months (range 9.6-10.6 months) after initial diagnosis, all of whom were diagnosed according to MRI and elevated serum tumor markers.
One patient who achieved CR after completing definitive treatment with 2 cycles cisplatin, etoposide, cyclophosphamide, and bleomycin and 2 cycles of carboplatin, etoposide, and bleomycin without upfront RT (MSKCC 94-125) developed a local progression 5 months later and was treated with 2 cycles of high-dose thiotepa, stem-cell rescue, and tumor-only RT to 50.4 Gy; this patient showed no evidence of disease at last follow-up, 17.5 years after initial diagnosis. After upfront treatment with 6 cycles of chemotherapy as per ACNS0122, second-look surgery revealing mature teratoma, and WVI to 36 Gy and tumor boost to 54 Gy, one patient developed local recurrence and was treated with 3 cycles of vincristine/cisplatin/cyclophosphamide and 2 cycles of cyclophosphamide/thiotepa, and subsequently developed multiple local recurrences treated with chemotherapy and stereotactic radiosurgery. This patient went on to develop leptomeningeal relapse 30 months after initial diagnosis and died 2 weeks later, a total of 2.6 years after initial diagnosis. After 6 cycles of chemotherapy as per ACNS0122 with complete biochemical and radiographic response followed by WVI to 30.6 Gy and tumor boost to 54 Gy, another patient developed local recurrence and was treated with 2 cycles of gemcitabine/ paclitaxel/oxaliplatin, 2 cycles of high-dose carboplatin/ thiotepa stem-cell rescue, followed by 6 cycles of oral etoposide; this patient showed no evidence of disease at last follow-up, 4.2 years after initial diagnosis. No patients developed initial relapse outside of the limited RT fields. One patient expired 19.3 years after diagnosis due to stroke without evidence of relapse.
Overall survival and failure-free survival Kaplan-Meier curves are shown in Fig. 1 . Kaplan-Meier estimates of the 4-year overall survival (OS) and failure-free survival (FFS) are 92% (95% confidence interval [CI], 57-99%) and 81% (95% CI 53-94%), respectively.
Discussion
The Children's Oncology Group (COG) trials for children with ependymoma (ACNS0121 and ACNS0831), glioma (ACNS0221), standard-risk medulloblastoma (ACNS0331), and NGGCT (ACNS1123) have tested the hypothesis that reducing of the target volume of RT is associated with a decrease in side effects without compromise of local control rates [15] . The NGGCT arm of ACNS1123 is examining survival in patients receiving WVI + boost in patients with M0 NGGCT who achieve a CR with induction chemotherapy and those who show a partial response (PR) to induction chemotherapy with SLS revealing mature teratoma. The NGGCT arm of ACNS1123 has been permanently closed as of November 1st, 2016; the number of relapses in patients receiving reduced dose/volume of irradiation after CR/PR to induction chemotherapy exceeded the threshold set in the design of the protocol. However, full results have yet to be published and may shed light on patterns of failure and specific subgroups that preferentially benefited from reduced-volume RT; analysis of specific patient histologies and of patients who experienced CR after induction chemotherapy may contribute to a better understanding of the future of risk-stratified therapy.
While data from ACNS1123 have not yet been reported, several reasons may account for a potential discrepancy between the trial and the present study. The confidence intervals for OS and FFS reported in our study are broad, reflecting the small sample size; the true survival may be on the lower end of the estimate intervals. Additionally, 6 of 13 patients treated with WVI received doses in excess of the protocol-stipulated 30.6 Gy, which may have contributed to greater local control. The patient cohort reported in our study may have represented a lower risk group than that studied in ACNS1123. The SIOP CNS GCT 96 phase II trial defined patients with serum AFP >1000 ng/mL or age <6 years to be "high-risk", but only 4 patients in the present study met these criteria [16] . None of the patients in the current study had multifocal disease, which was included in ACNS1123 and may portend a worse prognosis [17] . While ACNS1123 included patients with unifocal parenchymal extension, none of the patients in our study had obvious parenchymal extension. There may also be unrecorded discrepancies, such as differences in histological, immunohistochemical, and molecular profiles. Despite potential differences, forthcoming data from ACNS1123 are needed to assess if and how our results compare.
In our series of 16 patients, 3 patients developed local recurrences, all approximately 10 months after initial diagnosis. The patient who developed recurrence after CR to chemotherapy without upfront RT was diagnosed in the late 1990s. However, the current consensus for treatment is that patients with multimodal therapy involving chemotherapy and radiation have superior outcomes [13, 18] , and this patient's relapse is consistent with the idea that chemotherapy alone is suboptimal.
Kaplan-Meier estimates of the 4-year overall survival (OS) and failure-free survival (FFS) are 92 and 81%, respectively. These estimates are comparable to existing literature on NGGCTs treated with induction chemotherapy followed by RT; one multi-institutional study from Robertson et al. estimated 4-year OS and FFS rates of 74 and 67%, respectively, [18] another study by the German Cooperative Group estimated 5-year OS and FFS rates of 67 and 57% [19] , respectively, and the COG ACNS0122 study estimated 5-year OS and FFS rates of 93 and 84%, respectively [13] . An overview of key studies examining the use of reduced-volume RT in conjunction with chemotherapy for NGGCT is shown in Table 3 . Much of the existing literature examining reduced-field RT focuses on tumor-only RT, as opposed to WVI, making comparison of our results with existing literature challenging. In addition, studies have examined a variety of approaches to chemotherapy and surgery over the last 30 years. Optimal chemotherapy itself has not been conclusively defined to date. Studies have reported FFS and OS rates at 2-4 years ranging between 60 and 80% [5, 11, 16, 18, 20, 21] , which are consistent with the 4-year OS and FFS 95% confidence intervals of 57-99 and 53-94%, respectively, in the present study. Given the significant heterogeneity in treatment in the literature, the forthcoming results of ACNS1123, which treated patients with WVI, will likely serve as the best comparator for our results.
Several of the studies from large French, German, and Japanese cooperative groups have found high rates of distant relapse, including spinal and/or leptomeningeal failure [5, 16, 18, 20, 21] , as compared to studies in which patients have received CSI [12, 13, 19] . The 2014 study by Robertson et al. [21] used two stages of chemotherapy to give patients several chances to achieve CR before whole ventricle RT. However, there was no benefit noted with this approach, and patients still experienced a high rate of spinal relapse. The study authors point out the inadequacy of current staging, measures of dissemination, and possibly even conventional-and high-dose chemotherapy as upfront 9-19.3 years) . OS overall survival, FFS failure-free survival The observed spinal relapses reflect the possibility that CSI may be needed in higher-risk patients Calaminus (2012) treatments for NGGCT in some patients; future diagnostic techniques and small molecule therapies may assist with more reliably selecting patients suited for reduced-field RT [21] . Patient subgroup analysis in our study is limited by sample size. The SIOP CNS GCT 96 phase II trial studied 154 patients with intracranial M0 NGGCT and showed that the magnitude of AFP elevation may be a poor prognostic factor in children with NGGCT. Patients with AFP levels above 1000 μg/L at diagnosis exhibited a progression-free survival (PFS) of 33%, leading the study authors to advocate for intensified chemotherapy for these patients in a subsequent trial [16] . In our study, of 2 patients with serum AFP >1000 μg/L, one died of disease and one is alive with no evidence of disease at last follow-up. Histology indicating pure endodermal sinus, choriocarcinoma, embryonal carcinoma, or predominantly malignant mixed GCT has been shown to have a 5-year OS rate of 9% [5] . Among 3 biopsy-confirmed patients in our sample with one of these histologies, one patient died of stroke 19.3 years post-diagnosis but no failures or deaths due to disease have yet been recorded.
Previous studies have documented that the majority of NGGCT relapses occur within 18 months of diagnosis [1, 5, 22, 23] . However, relapses have been documented as late as 68 months, reinforcing the importance of continued surveillance.
The role of RT technique in the treatment of intracranial M0 NGGCT is an area of continued investigation. One study compared dose-volume histograms of patients receiving 3D-CRT and IMRT for WVI and showed that IMRT reduced the irradiated volume receiving doses of 20, 30, and 40 Gy by 8, 12, and 9%, respectively, when compared with 3D-CRT. In addition, IMRT provided statistically significant reductions of median irradiated volumes at all dose levels. However, RT dose to peripheral areas of the body was 1.9 times higher with IMRT than with 3D-CRT [24] . Our institution previously compared DP-IMRT to standard IMRT and found that DP-IMRT decreased mean dose to whole brain, temporal lobes, hippocampi, cochleae, and optic nerves [25] . Whole ventricular PBT is similarly associated with reduced volume of cerebral cortex receiving dose as compared to 3D-CRT and IMRT [26] .
Limitations of our study include the small sample size, retrospective design, heterogeneous patient population and histopathologies represented, and probable confounders within the analysis that are unable to be accounted for. Additionally, patients were carefully selected for treatment with limited RT fields, which likely represents a source of selection bias. In light of the recent closure of the nongerminoma stratum of ACNS1123, we reaffirm the latest Children's Oncology Group recommendation that newly diagnosed NGGCT patients receive 6 cycles of induction chemotherapy ± SLS in cases of partial response according to the published results of ACNS0122 [13] . This should be followed with CSI to 36 Gy with boost to primary sites for a total dose of 54 Gy. However, the data presented in the current study raise interest for continued inquiry into patient subgroups of intracranial M0 NGGCT that are likely to benefit from reduced-volume RT, particularly as advances in treatment further enable long-term survival.
